Abstract
Results
Three novel natural compounds 1,2,3 (ZINC000015149223, ZINC000011616633 and ZINC000001577210, respectively) from the ZINC15 database were found binding to STING with more favorable interaction energy. Also, they were predicted with less ames mutagenicity, rodent carcinogenicity, non-developmental toxic potential and tolerant with cytochrome P450 2D6 (CYP2D6). The ligand chemical structure analysis showed the three compounds were inborn axisymmetric, such chemical structures account for combining and activating process of STING protein dimers. The dynamic simulation analysis demonstrated that ZINC000015149223-, ZINC000011616633-and ZINC000001577210-STING dimer complex had more favorable potential energy compared with amidobenzimidazole (ABZI) and a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Stimulator of interferon genes (STING) is a receptor in the endoplasmic reticulum that propagates innate immune sensing of cytosolic pathogen derived-and self-DNA [1] . STING is a 378 amino acid protein, which mainly contains three structural domains: they are N-terminal transmembrane domain (aa 1-154), central globular domain (aa 155-341), and C-terminal tail (aa 342-379). Basically, STING can form symmetrical dimers combined with its ligands in Vshaped conformation and it doesn't completely cover the bound ligands [2] . A natural STING agonist, cGAMP, can bound into pocket region of STING. The cytoplasmic facing C-terminal domain of STING is a homodimeric complex which interacts with cGAMP through a network of hydrogen bonds and water-mediated interactions within a large (1,400 nm 3 ) binding pocket [3] [4] [5] . STING plays a crucial role in various diseases, inactivation of cGAS-cGAMP-STING function is reported to be associated with many severe diseases such as cancer, obesity, liver injury, sugar-lipid metabolism and virus infection and etc [6] [7] [8] . However, STING activation process is easily to be inhibited in some severe diseases conditions, such as cancer, viral infection [9] . It will finally results in the inactivation of STING pathway. Therefore, screening and designing potent STING agonists is of great importance for cancer immune therapy and other infectious diseases treatment.
Exogenous or autogenous DNA accumulation in the cytoplasm can lead to a strong immune response. Increasing evidence has suggested an important interaction between tumor DNA damage and immune system during oncogenesis [10] . Also, several publications suggest that cGAS-cGAMP-STING pathway play a significant role during cancer immune evasion and immune system stimulation process [11] [12] [13] . In this process, the cGAS-cGAMP-STING pathway is considered to play a significant role. Cytoplasmic free DNA, which is considered as a dangerous signal to body, is recognized by nucleotidyl transferase cGAS (DNA receptor ring GMP-AMP synthase) [14] . After cGAS is activated by double-stranded DNA (dsDNA), it will catalyze the synthesis of a noncanonical cyclic dinucleotide 2'5'-cGAMP from adenosine triphosphate (ATP) and guanosine triphosphate (GTP) [15] . Next, the downstream protein STING (stimulator of interferon genes), which acting as a hub mediating factor in cGAScGAMP-STING pathway, can be activated by either second messengers, such as cyclic adenosine phosphate (cAMP) and cyclic guanosine phosphate (cGMP), or cGAMP, which is produced by cGAS sensing cytoplasmic DNA. Tumor-derived DNA activates cGAS to produce cGAMP, the endogenous ligand of STING, resulting in downstream signaling cascade via recruitment of serine/threonine-protein kinase (TBK1), phosphorylation of the interferon regulatory transcription factor IRF3, and the production of type I interferon (IFN). Accumulate pro-inflammatory cytokines, type I interferon and other cytokines will finally lead to a correspondent immune response [16] . However, this immune signaling pathway is aberrantly suppressed in some specific cancer microenvironment, which finally lead to cancer immune evasion and oncogenesis [17] . On the other hand, in some specific exogenous bacterial or viral infection conditions, abnormal deposition of host DNA in cytosol can also activate the cGAScGAMP-STING signaling pathway cascade overwhelmingly, and it will result in uncontrolled over-inflammation, autoimmune diseases and immune cell draining [18] , over-activation of STING contributes to even triggers the onset of autoimmune disorders such as systemic lupus erythematosus [19] . Therefore, there is an urgent need to develop a series of agonists and inhibitors targeting to STING.
Natural products and their derivatives possess unique chemical structures and have potential biological function, they have made a great contribution to medication design and refinement, they also represent the major part of current pharmaceutical market [20, 21] . In recent years, there are several publications report that small molecule compounds have regulatory functions regarding to STING activity [22, 23] . The purpose of this study is to determine lead compounds of STING agonist for drug development and compounds modification. This study employed a series of structural biological and chemistry method (including virtual screening, molecule docking and etc) to screen and identify the lead compounds which had potential regulatory functions to STING. At the same time, our study also predicted absorption, distribution, metabolism, excretion and toxicity of these compounds. This study provided a list of drug candidates and their pharmacological properties, which could provide a solid basis for STING agonists development research.
Methods and materials

Docking software and ligand library
Discovery Studio is a suite of software for simulating small molecule and macromolecule systems, which is developed aiming to screen, design and modify the potential drugs by structural chemical and structural biological computation, large amount of lead compounds and drug candidates were identified and refined through this method. Libdock and ADME (absorption, distribution, metabolism, excretion) modules of Discovery Studio 4.5 software (DS4.5, Accelrys, Inc) were employed for virtual screening. CDOCKER was used for docking study. The Natural Products (NP) database in the ZINC15 database was selected to screen STING agonists. ZINC15 database is a free database of commercially-available compounds provided by the Irwin and Shoichet Laboratories in the Department of Pharmaceutical Chemistry at the University of California, San Francisco (UCSF).
Structure-based virtual screening using libdock
Ligand-binding pocket region of STING was selected as the binding site to identify new compounds that could potentially stimulate STING. A virtual screening was carried out using libdock module of Discovery Studio 4.5 [24] . Libdock (San Diego, CA, USA) is a rigid-based docking program. It calculates hotspots for the protein using a grid placed into the binding site and also using polar and apolar probes. Then, the hotspots are further used to align the ligands to form favorable interaction. The Smart Minimiser algorithm and CHARMm force field (Cambridge, MA, USA) were performed for ligands minimization. After minimized, all the ligand poses were ranked based on the ligands score. The 2.45 Å crystal structure of STING in complex with amidobenzimidazole (ABZI) (PDB ID: 6DXL) [11] was downloaded from protein data bank (PDB) and imported to the working environment of libdock. The chemical structure of STING was shown in Fig 1. The protein was prepared by removing crystal water and other hetero-atoms, followed by addition of hydrogen, protonation, ionization and energy minimization. The CHARMm force field and the Smart Minimiser algorithm were applied for energy minimization [25] . The minimization performed 2000 steps with an RMS (Root Mean Square) gradient tolerance of 0.1, and the final RMS gradient was 0.09778. The prepared protein was used to define the binding site, ABZI binding site was selected as the active sites for docking. Virtual screening was carried out by docking all the prepared ligands at the defined active site using libdock. Based on the libdock score, all the docked poses were ranked and grouped by the compounds' name. ADME (Absorption, Distribution, Metabolism, Excretion) and toxicity prediction ADME module of Discovery Studio 4.5 was employed to calculate the absorption, distribution, metabolism, excretion of selected compounds. TOPKAT (Toxicity Prediction by Komputer Assisted Technology) modules of DS4.5 was also employed to calculate the toxicity and other properties of all the potential compounds, including their aqueous solubility, blood-brain barrier (BBB) penetration, cytochrome P450 2D6 (CYP2D6) inhibition, hepatotoxicity, human intestinal absorption, plasma protein binding (PPB) level, rodent carcinogenicity, ames mutagenicity and developmental toxicity potential. These pharmacological properties were fully considered when selecting drug candidates for STING.
Molecular docking and MM/GBSA calculation
CDOCKER and MM/GBSA module of Discovery Studio 4.5 was used for molecular docking study. CDOCKER is a molecular docking method based on CHARMm36 force field, which can produce high-precision docking results. The receptor is held rigid while the ligands are allowed to flex during the docking process. For each complex pose, the CHARMm energy (interaction energy plus ligand strain) and the interaction energy, which indicated ligand binding affinity, were calculated. Molecular Mechanics with Generalized Born and Surface area solvation (MM/GBSA) was conducted to verify the free energy of ligand-STING complex. Crystal structure of STING was obtained from the protein data bank. The crystal water molecules were generally removed in rigid and semi-flexible docking process [26, 27] , since the fixed water molecules might affect the formation of receptor-ligand complex. Next, the water molecules were removed and hydrogen atoms were added to the protein. In order to prove the reliability of the combination mode, the initial compound ABZI was extracted from the binding site and then re-docked into the crystal structure of STING. The CHARMm36 force field was used for both receptors and ligands. The binding site sphere of STING was defined as the region that came within radius 16 Å from the geometric centroid of the ligand ABZI. During the docking process, the ligands were allowed to bind to the residues within the binding site spheres. The structures of identified hits were prepared and docked into the binding pocket of STING. The CDOCKER process was performed. Ten docking poses were generated for each ligand and the best pose was selected based on high docking scores and appropriate docking orientations [28, 29] . Different poses of each test molecules were generated and analyzed on the basis of CDOCKER interaction energy, MM/GBSA free energy, respectively.
Molecular dynamics simulation
The best binding conformations of each compounds-STING complex were selected and prepared for molecular dynamics simulation. The ligand-receptor complex was put into an orthorhombic box and solvated with an explicit periodic boundary solvation water model. In order to simulate the physiological environment, solidum chloride were added to the system with the ionic strength of 0.145. Then, the system was subjected to the CHARMm forcefield and relaxed by energy minimization (500 steps of steepest descent and 500 steps of conjugated gradient), with the final RMS gradient of 0.289. The system was slowly driven from an initial temperature of 50 K to the target temperature of 300 K for 200 ps and equilibration simulations were run for 250 ps. Molecular dynamics simulations (production) were performed for 1 ns with time step of 1 ps. The simulation was performed with the NPT (normal pressure and temperature) system at a constant temperature of 300 K. The particle mesh ewald (PME) algorithm was used to calculate long range electrostatics, and the linear constraint solver (LINCS) algorithm was adapted to fix all bonds involving hydrogen. With initial complex setting as a reference, the trajectory was determined for structural properties, root mean-square deviation (RMSD), and potential energy by using trajectory protocol in Discovery Studio 4.5 (San Diego, CA, USA). , check amounts of survival mice, then all mice were measured and sacrificed, and all the tumors were removed and weighed.
Animal experiments to verify effectiveness of the compound
Results
Virtual screening of natural products database against stimulator of interferon genes (STING)
Ligand-binding pocket was an important regulatory site of STING, cGAMP bound to this pocket region to activate the function of STING in normal physical environment, therefore, this pocket region was selected as a reference site. A total of 17776 purchasable natural named product molecules were taken from the ZINC15 database. Molecule structure of STING (PDB ID: 6DXL) was selected as the receptor protein. ABZI, one of STING agonists, was chosen as a reference compound to evaluate the binding ability of other compounds. 2893 compounds were identified to bind with STING stably by libdock algorithm. Among these compounds, 67 compounds had higher libdock scores than ABZI (Libdock score: 108.6, ranking: 68). The top 20 ranked compounds based on libdock scores were listed in Table 1 .
ADME (Absorption, Distribution, Metabolism, Excretion) and toxicity prediction
Pharmacological properties of all selected ligands and ABZI were first predicted by ADME module of Discovery Studio 4.5, including brain/blood barrier (BBB), human intestinal absorption, aqueous solubility, cytochrome P450 2D6 (CYP2D6) binding, hepatotoxicity and plasma protein binding properties (PPB) ( Table 2 ). The aqueous solubility prediction (defined in water at 25˚C) indicated that all the compounds were soluble in water. For human intestinal absorption, 5 compounds and ABZI had a good absorption level and 8 compounds had a moderate absorption level. 10 compounds were found to be highly bound with plasma protein and the rest were just opposite. All compounds were predicted to be non-inhibitors of cytochrome P450 2D6 (CYP2D6) except ZINC000053147179, ZINC000028968101 and ZINC000006845904, which was one of the important enzymes involved in drug metabolism. For hepatotoxicity, 13 compounds were predicted as non-toxic, which was similar to ABZI.
Safety was also fully investigated in this study. To examine safety of the selected compounds, different toxicity indicators of the compounds and ABZI, including Ames mutagenicity (AMES), Rodent carcinogenicity (based on the U.S. National Toxicology Program (NTP) dataset) and developmental toxicity potential (DTP) properties, were predicted using TOP-KAT module of Discovery Studio 4.5 ( Table 3) . Results showed that 9 compounds had nondevelopmental toxicity potential. Considering all the results above, compound 1 (ZINC000015149223), compound 2(ZINC000011616633) and compound 3 (ZINC000001577210) were identified as ideal lead compounds, which were not CYP2D6 inhibitors thereby without hepatotoxicity. Moreover, they were predicted with less ames mutagenicity, rodent carcinogenicity and developmental toxicity potential compared with other compounds, which also strongly suggested their perspective application in drug development. According to Fig 2, these three compounds and the reference compound ABZI were found to be highly axisymmetric in their structures, which were similar to the structure of cGAMP. After analyzing the molecular formula of these four compounds, ABZI was found to be formed a bridge by two monomers which connecting STING dimers. The other three natural compounds selected in study were inborn axisymmetric, and they don't have to form a dimer to perform their functions. In summary, compounds 1-3 were identified as safe drug candidates and selected for following research (Fig 2) .
Ligand binding analysis
The RMSD (Root Mean Square Deviation) between the docked pose and the crystal structure of the complex was 0.6 Å, indicating the CDOCKER module applied in this study was highly reliable. Compounds 1-3 were docked into the molecule structure of STING by CDOCKER module under CHARMm36 force field, CDOCKER potential energy and MM/GBSA binding free energy were calculated and displayed in Tables 4 and 5 . Results showed that the CDOCKER potential energy of compound 1, compound 2 and compound 3 were significant lower than the reference ligand ABZI (-41.8047kcal/mol), MM/GBSA binding free energy also calculated that these three compounds contributed lower energy compared to the reference ligand ABZI (-82.0470kcal/mol), which indicated that these three compounds may have a higher binding affinity with STING compared to ABZI. Structural computation was also performed for the hydrogen bonds and Pi-Pi interactions of ligands-STING complex (As shown in Fig 3, S1 Fig, Fig 4 and Tables 6 and 7) . Results showed that compound 1 formed one pair of hydrogen bonds with STING, by the O17 of compound and THR267:HG1 of STING. Also, one pair of pi-pi interaction was formed in the complex. Compound 2 formed one pair of hydrogen bond, by the O5 of the compound and SER162:HG of STING. There was also one pair of pi-pi interaction formed within the complex. 
Molecular dynamics simulation
To evaluate the stabilities of ligand-STING complexes under natural environmental conditions, molecular dynamics simulation was conducted. The RMSD curves and potential energy profiles of each complex were shown in Fig 5. The trajectories of complexes reached equilibrium after 200 ps, RMSD and potential energy of the complexes got stabilized with time. Molecular dynamics simulation results validated that these hydrogen bonds and pi-pi https://doi.org/10.1371/journal.pone.0216678.g002 Computational study on agonists of stimulator of interferon genes interactions formed by compounds and STING contributed to the stability of the complexes. Results showed that these three compounds interacted with STING, their complex could exist in natural environment steadily and have modulatory effects on STING as ABZI did.
Experimental results to validate the effectiveness of the compounds
Animal experiments were conducted to validate effectiveness of these selected compounds (Fig 6) , results showed that these three compounds had effect to suppress tumor growth, among which compound 3 contributed most to the efficiency. After 9 th day, compounds 1-3 played a significant role in killing tumor. On 20 th day, tumor volume in control group was 2920 mm 3 , the tumor volumes after drug treatment by compounds 1-3 were 2110, 1850, 1440 mm 3 , respectively. Data were represented as mean ± SEM and p<0.05. Survival percent chart illustrated that compounds 1-3 had effect in prolonging survival period. Tumor weight chart also demonstrated that on 20 th day, final tumor weight in control group was 2.38g, compared with tumor weight after treatment by compounds 1-3 were 1.55g, 1.94g, 1.16g (mean ± SEM, p<0.01), respectively.
Discussion
cGAS-cGAMP-STING pathway plays a significant role in host defense against viral and bacterial infection. Activation of STING elicits a type-I interferon response, which propagates interferon receptor signaling in tumor-resident dendritic cells and leads to anti-tumor CD8+ T cell responses in vivo, resulting in a correspondent immune response to eliminate cancer or bacteria. However, due to shortage of tumor-specific T cells or inadequate activation of STING protein, cGAS-cGAMP-STING pathway can be suppressed in some serve diseases, such as infection and cancer [9] . Therefore, it's of great importance to re-stimulate cGAS-cGAMP-ST-ING pathway and promote T-cell proliferation in cancer immunotherapy. Nonetheless, it is very difficult to stimulate STING and turn on immune pathway by artificial methods. Previous researches hoped to reactivate STING pathway by perform intravenous injection with high doses of cGAMP daily, however, it only resulted in modest in-vivo efficacy [12] . Other study showed that intramuscular injection of cGAMP can delay tumor growth after tumor implantation, whereas titration experiment showed that cGAMP enhanced its effect mainly depended on dose [13] , so far it's not practical in clinical application because the cost is high and cGAMP tend to decompose in natural environment. Additionally, cGAMP contains two phosphodiester bonds, which hinder its ability to permeate cells [13] . Currently, most researches focused on pathological role and molecular biological role of cGAS-cGAMP-STING pathway, rather than how to stimulate the STING protein directly by small molecular agonists. Although great progress of compounds have been made regarding to STING drug design and development, only one agonist ABZI, which is selected as a reference drug in this study, has shown a perspective therapeutic effect until now. Therefore, there is an urgent need to screen more compounds targeting STING for clinical application. In this study, four modules of Discovery Studio 4.5, including Libdock, ADME/TOPKAT, CDOCKER and Molecular Dynamics Simulation, were employed to screen and analyze the structural biological properties of novel potential compounds, respectively. Molecular conformation, pharmacological properties, binding affinity and stability were also fully analyzed to determine superiority of the selected compounds. 17776 purchasable, natural, named product molecules were obtained from the ZINC15 database for virtual screening. Libdock score represented degree of energy optimization and stability of the conformation. Compounds with a high libdock score illustrated that it had a pretty energy optimization and a stable conformation compared with others. After calculated by libdock module of Discovery Studio 4.5, 2893 compounds were identified to have a high binding affinity with STING. Among these compounds, 67 compounds had higher libdock scores than the reference compound ABZI (Libdock score: 108.6, ranking: 68), which indicated that these 67 compounds could combine with STING and form a more stable conformation with better energy optimization compared to Computational study on agonists of stimulator of interferon genes ABZI. The top 20 natural compounds were selected based on libdock score and pooled into further study. ADME (absorption, distribution, metabolism, excretion) and toxicity properties of the obtained compounds were carried out to evaluate the pharmacological properties of these selected compounds. Results showed that compounds 1-3 were identified as ideal lead compounds. Since they were all soluble in water and also had a good absorption level. Meanwhile, they were non-inhibitors of cytochrome P450 2D6 (CYP2D6), which indicated they didn't have hepatotoxicity. Additionally, these three compounds were also predicted with less ames mutagenicity, rodent carcinogenicity and developmental toxicity potential compared with other compounds, which also strongly suggested their perspective application in drug development. On the other hand, the rest drug in the list also had potential application in drug development even though they possessed toxicity, since specific groups and atoms could be added to reduce its toxicity. Considering all the results above, compounds 1-3 were selected as ideal lead compounds and further analysis were carried out.
Binding mechanism and chemical bonds of the selected candidate compounds were also investigated. CDOCKER module computation demonstrated that CDOCKER interaction energy of compounds 1-3 were significant lower than the reference ligand ABZI (-41.8047kcal/mol), MM/GBSA binding free energy also calculated that these three compounds contributed lower energy compared to the reference ligand ABZI (-82.0470kcal/mol), which indicated that these three compounds may have a higher binding affinity with STING Computational study on agonists of stimulator of interferon genes compared to ABZI. Next, the chemical structures and binding mechanism of these compounds were analyzed by molecular structural inspection, results indicated that these three products and the reference compound ABZI were found to be highly axisymmetric in their structures, which were very similar to the chemical structure of cGAMP. ABZI was found that under catalysis of liver processing enzyme, ABZI dimer was formed by two monomers and then connect STING dimers as a bridge. While the three natural compounds selected in study were inborn axisymmetric, they don't have to be form dimers by in-vivo processing. Therefore, they may possess a favorable agonist effect with less by-products and toxicity compared to ABZI. Next, their stabilities were also assessed by performing molecular dynamics simulation. RMSD and potential energy of these ligand-STING complexes were calculated, results showed that the trajectories of complexes reached equilibrium after 200 ps, RMSD and potential energy of the complexes got stabilized with time, which illustrated that these three complexes could exist in natural environment stably. Based on these results, modification and refinement could be perspectively carried out to make ligand and receptor bind more firmly, acting as a bridge connecting two STING proteins.
Finally, animal experiment was conducted to validated the effectiveness of these selected compounds, and these compounds were demonstrated that they played a role in killing tumor after 9 th day. Survival percent chart illustrated that compounds 1-3 had effect in prolonging survival period, which may contribute to live quality. Although these drugs were not powerful enough compared to drugs [12] , [13] , it is worth to know that this study aimed to screen and identify ideal lead compounds which had potential regulatory functions to STING. Different groups could be added on this skeleton to make the drug more efficient. After elaborate medication design and refinement, they could be better potential agonists. It's also worth noting that the compounds studied in our research mainly focused on the development of agonists, but they are also of great importance in STING inhibitors development. Agonist and inhibitor usually share similar skeleton in chemical structure, the opposite effects are mainly produced by adding different groups or atoms. With the advantage of their innate affinity for STING, natural compounds identified in this study could provide valuable resource for STING related drugs development.
Although this study was conducted by elaborate design and precise measurements have been performed, we still admitted that there are still some limitations in this study. More experiments need to be performed to validate our results and more indicators regarding to drug safety, such as MTD (Maximum Tolerated Dosage) and AB (Aerobic Biodegradability) measurements, should also be assessed in our future study. 
Conclusions
This study employed a series of structural biological and chemistry method (including virtual screening, molecule docking and etc) to screen and identify the lead compounds which had potential regulatory functions to STING. In summary, compounds 1-3 were potential agonists targeting STING protein. These compounds were safe drug candidates and had a great significance in STING agonists development. Additionally, this study provided a list of drug candidates and their pharmacological properties, which could provide a solid basis for STING agonists development research. 
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